FABRICATIONS OF NANOSTRUCTURED MATERIALS AS CATALYSTS FOR SELECTIVE ORGANIC TRANSFORMATIONS by RAO, BHAVNARI PURNA C
Abstract 


FABRICATIONS OF NANOSTRUCTURED MATERIALS AS CATALYSTS FOR SELECTIVE ORGANIC TRANSFORMATIONS

The thesis, which begins with an introduction (Chapter I), followed by 4 chapters is outlined here.
Organization of thesis













The thesis mainly deals with the synthesis, characterization and catalytic applications of nanostructured materials for organic transformations. 

Chapter I mainly deals with the various methods of the preparation of nanostructured materials and their applications in catalysis. The need and development of cleaner and greener alternative technologies using nanostructured catalytic systems in the synthesis of intermediates for pharmaceuticals and fine chemicals is also described. Chapter II mainly deals with the synthesis of nanocrystalline zeolite beta in supercritical fluids, characterization and catalytic activity of these materials for nitration of o-xylene. Chapter III describes the synthesis, characterization and evaluation of ruthenium nanocluster supported alkali exchanged zeolite  for the selective transfer hydrogenation of carbonyl compounds to alcohols. Chapter IV describes the synthesis, characterization of single site cobalt nanocomposites in silica matrix and evaluation of these materials for epoxidation of alkenes using molecular oxygen as oxidant. Chapter V presents the development of zeolite NaY confined Cu(II) clusters catalysts for C-N bond formation reactions and synthesis of the 5-substituted 1-Htetrazoles.

CHAPTER-I: Introduction
This chapter describes the various catalyst/process options available for an industrial chemist to effect different organic transformations. It includes a brief introduction of homogeneous catalysis, heterogeneous catalysis, nanotechnology and basic concepts commonly encountered in catalysis such as selectivity, turnover number, atom economy etc. Further the brief out line of various synthetic methods to prepare nanocrystalline zeolites, zeolite supported transition metal nanostructures, and silica based nanocomposite catalysts is presented. The importance of high selectivity in various industrially important organic transformations and the need for the design and development of environmentally cleaner catalytic methodologies using nanocrystalline materials is also highlighted. 

CHAPTER-II: Synthesis of nanocrystalline zeolite beta in supercritical fluids, characterization and catalytic activity
This chapter is divided into two sections.
Section A:  This section deals with the synthesis and characterization of nanocrystalline zeolite beta catalysts.
Section B:  This section deals with the catalytic activity of nanocrystalline zeolite beta for nitration of o-xylene.     
Section A: Synthesis and characterization of nanocrystalline zeolite beta 
The increasing demand of new chemical processes has led to a growing need of highly active and selective catalysts. Nanotechnology is considered as a serious option to meet the expectation. Crystal size in nanocrystalline materials is reduced to a few unit cells. This leads to the presence of large number of atoms/ions located at the edges and on the surface, which provide inturn a number of active sites for catalyzing the surface reactions. Selectivity also increases due to reduced diffusion limitations.  Zeolite beta, a three-dimensional large pore aluminosilicate is developing into a major catalyst in organic chemicals conversion, contributing to low waste technology. Nanocrystalline zeolite beta has received much attention in the catalytic applications, when compared to ordinary microcrystalline zeolite beta, because of its higher activity, selectivity and minimal catalyst decay. 

Numerous reports of zeolite crystallization exist in the literature and the key factors in controlling the crystal size are the crystallization conditions such as temperature, stirring, seeding, gel aging and composition–dependent parameters such as alkalinity, dilution, ratio between silicon and tetrahedron forming elements, template concentration, ionic strength, and presence of crystallization poisons. Supercritical fluids (SCFs) offer a series of technical advantages in separation technology and chemical engineering because of their unique solubility and diffusivity properties. Proper use of these supercritical fluids in heterogeneous catalysis can afford enhancement of rate of reaction and process intensification in catalyst preparation. Nanocrystalline porous metal oxides are prepared from drying of hydrolyzed gels in presence of supercritical fluids. It was also found that supercritical fluids are ideally suited for rapid transport of Al into mesoporous silicates to achieve homogeneous Al dispersion and enhancing the rate of deposition of silane based self-assembled monolayers onto mesoporous silicates due to their low viscosity and high diffusivity.  
Therefore, we hypothesized that supercritical fluid enhance the rate of crystallization and ease the separation to provide finely homogenized crystalline zeolite beta with quantitative yields. We have developed a novel approach for the synthesis of nanocrystalline zeolite beta with different Si/Al ratios in quantitative yields and in about two days by modifying nucleation and effecting hydrothermal as well as supercritical fluid aided crystallization.

Synthesis procedure of nanocrystalline zeolite beta. 
The general method for the synthesis of nanocrystalline zeolite beta is given in Scheme 1. Controlled addition of aluminate solution to silica source and evaporation of ethanol formed during hydrolysis yields reactive hydrolyzed gel. Low temperature aging (nucleation) of this hydrolyzed gel forms silicate and aluminate monomers required for the building blocks of zeolite beta nuclei. Hydrothermal treatment of nucleated gel for 24h gives the extended structures of zeolite beta. Finally SCF aided crystallization and depressurization of the supercritical fluids in short period allow the formation of free flow powder of nanocrystalline zeolite beta. 

Fig. 1 depicts the evolution of zeolite beta containing Si/Al ratio = 15 through various stages of transformation right from gel to crystallites by TEM images. The samples P1 and P2 are hydrolyzed gel and nucleated gel respectively show the amorphous aluminosilicate gel particles. IR spectrum of the sample P2 shows the absorption band at 550cm-1, which confirms the formation of five-membered ring subunits of zeolite nuclei. Hydrothermal treatment of nucleated gel for 24h gives the aluminosilicate nanoparticles (Fig. 1ES). XRD spectrum of this sample is amorphous and IR spectrum of the sample has shown similar absorption bands to that of intermediate structure of zeolite beta. The 29Si NMR spectrum of this sample has shown broad resonance bands centered at –89.7, –100.4 and –109 ppm, these resonance bands indicate the presence of Si(OH)2 defect groups, Si(1 Al) and Si(0Al) sites, respectively and 27Al NMR spectrum of this sample reveals that Al is in tetrahedral coordination. These data indicate the presence of extended structures of zeolite beta. Finally SCF aided crystallization and depressurization of the supercritical fluids in short period allow the formation of free flow powder of nanocrystalline zeolite beta (B) (Fig. 1). The obtained nanocrystalline zeolite beta is thoroughly characterized by various techniques.

Section B: Catalytic activity of nanocrystalline zeolite beta 
The nitration of aromatic compounds is the widely used reaction to prepare organic intermediates required in large tonnages for the fine chemical industry. The typical product composition obtained in the industrially applied mixed-acid nitration of aromatic compounds shows an excess of the less desirable ortho-substituted products. Because of the higher commercial value of the para-products, a para-selective nitration reaction is desirable. The mononitro derivatives of o-xylene isomers are used as intermediates for the production of vitamins, agrochemicals, fragrances and dyes. Although 4- and 3-nitro-o-xylenes are useful starting materials for the production of riboflavin (Vitamin B2) and mefenamic acid, an agrochemical, respectively, the former is required in large tonnage. Therefore selective nitration of o-xylene, thus, assumes higher importance.

 Zeolite beta is proved to be an efficient catalyst in selective nitration of aromatic compounds and demonstrated that the number of Brønsted acid sites and diffusion play a major role in determining the performance of BEA. Diffusion of the products is supposed to be the rate-determining step. The number of Brønsted acid sites influences the selectivity and activity. 
 









Scheme 1. Schematic illustration of the synthesis of nanocrystalline zeolite beta.








 




Figure 1. TEM images of nanocrystalline zeolite beta (Si/Al ratio = 15) during the synthesis: (P1) hydrolyzed gel, (P2) nucleated gel after 24h, (ES) extended structures and (B) nanocrystalline zeolite beta.



We developed a process for the nitration of o-xylene with high regio-selectivity and activity by using nanocrystalline zeolite beta catalyst having different Si/Al ratios using nitric acid as nitrating agent and dichloroethane as the best entrainer (Scheme 2). The higher regio-selectivity is attributed to the reduced crystallite size, while the higher activity is due to increased acidic sites prompted by high Al concentration. This catalyst has the several advantages over conventional approach, and easy separation of catalyst by simple filtration, zero emission of effluents, higher regio-selectivities and more over its non-corrosive nature.

Highlights of the present process are: 
	Nanocrystalline zeolite beta catalysts with different Si/Al ratios are prepared in quantitative yields and in shorter crystallization time using supercritical fluids.
	A process for the nitration of o-xylene with high regio-selectivity and activity was achieved by using nanocrystalline zeolite beta catalysts. The higher regio-selectivity is attributed to the reduced crystallite size, while the higher activity is due to increased acidic sites prompted by high Al concentration. 
	This catalyst has the several advantages over conventional approach, viz., easy separation of catalyst by simple filtration, zero emission of effluents, higher regio-selectivities and more over its non-corrosive nature.

CHAPTER III: Design and development of ruthenium nanoclusters supported alkali exchanged zeolite beta catalysts for selective transfer hydrogen of aryl ketones and β-ketoesters
Selective hydrogenation of carbonyl compounds to alcohols is a synthetically important transformation both in laboratory and industry. Many homogeneous or heterogeneous catalysts have been studied for this transformation using molecular hydrogen as hydrogen source. Recently most of the studies were concentrated on the transfer hydrogenation reaction because it is operationally simple and can avoid the use of molecular hydrogen. Ruthenium complexes catalyzed transfer hydrogenations in presence of base have proved to be particularly reliable, however, the difficulties of recovering and recycling, limit the use of these catalysts whereas supported homogeneous ruthenium complexes requires multistep synthesis. Zeolite supported metal clusters are considered to be versatile heterogeneous catalysts because they offer conceptual links between molecular and surface catalysis and provide the advantages of the two classes of catalysts. Zeolite supported transition metal catalysts are excellent for selective hydrogenations of various carbonyl compounds.  Recently Ru-containing BEA zeolites were reported for hydrogenation of a conjugated cyclic keto-enol and proved that the acid properties of the zeolite and dispersion of ruthenium particles were important for selective hydrogenation. It is also found that the presence of acidic conditions enhances the activity in the hydrogenation of -ketoesters. 

We have prepared ruthenium nanoclusters supported on alkali zeolite beta catalysts using ion exchange and impregnation methods, and using various precursors. These catalysts were characterized by X-ray powder diffraction, nitrogen adsorption, transmission electron microscopy, hydrogen chemisorption and TPD-NH3. 




The characterization techniques reveal that highly dispersed tiny ruthenium nanoclusters supported catalyst was obtained using the Ru3(CO)12 precursor and the number of acidic sites of the catalyst increased four fold with respect to the parent support (Cs-).  This catalyst showed high activity in the transfer hydrogenation of aromatic ketones and chemoselective hydrogenation of citronellal and -ketoesters 
(Schemes 3 and 4). 

Highlights of present method are:
	Various ruthenium nanoclusters supported on alkali zeolite beta catalysts were prepared by different methods and using various precursors. The obtained catalysts are thoroughly characterized by XRD, IR, TEM, XPS, TPD-NH3, H2 chemisorption. 
	Among these catalysts the catalyst prepared by using Ru3(CO)12 precursor showed high activity in the transfer hydrogenation of aromatic ketones and chemoselective hydrogenation of citronellal and -ketoesters. This is attributed to highly dispersed ruthenium nanoclusters and the large numbers of acidic sites present in the catalyst. 
	The present catalytic system provides easy separation of the catalyst by simple filtration, reusable for several cycles with consistent activity and the present method is simple and clean over the existing procedures.

CHAPTER IV: Design and development of novel Co-SiO2 nanocomposite catalysts for epoxidation of alkenes with molecular oxygen
Catalytic epoxidation of olefins has attracted much attention both in industrial processes and in organic syntheses because epoxides are the most useful synthetic intermediates. Most of the earlier methods use stochiometric amount of specially designed transition metal complexes with various terminal oxidants, which leave large amounts of byproducts. Obviously molecular oxygen in the air is the most ideal oxidant in several oxidation reactions, but often suffers from poor selectivity due to the radical nature of the reaction pathway. In most cases the molecular oxygen combined with sacrificial reductants such as O2-H2, O2-Zn powder or O2-organic reductant are used as an oxygen acceptor to achieve high selectivity towards epoxide, however the utilization of molecular oxygen alone is most desirable with respect to environment, safety and economic consideration. Cobalt complexes or ions are widely used catalysts for the aerial oxidation of alkanes and alkylbenzenes, however the studies on exploitation of cobalt catalysts for the epoxidation of alkenes with O2 alone are scarce. Recently, Wang and co-workers reported that the single site Co(II) catalysts in faujasite zeolites or in MCM-41 are active for epoxidation of styrene using molecular oxygen.

Silica supported transition metal catalysts prepared by sol-gel method yield highly disperse metals on gels whose structure is finely controlled. Breitsceidel et al.  reported the preparation of uniform, homogeneously dispersed, nanometer-sized metal particles such as Pd, Pt, Ni, Cu, Co, in silica matrix by using organically substituted alkoxides of the type RSi(OR1)3 where R contains a ligand able to form a chelate with a metal ion. This ligand is linked to the hydrolysable silyl group –Si(OR)3 by an inert spacer such as   -(CH2)3-. Similarly Heinrichs et al. prepared Pd-SiO2 cogelled samples and in order to obtain a high porosity and then perhaps a good accessibility to the active sites, these cogelled samples were dried under hypercritical conditions. This procedure yielded palladium crystallites with a diameter of 2 nm located inside the silica matrix.
We have prepared silica supported single site cobalt catalysts by cogelation of tetraethoxysilane with Co3+[NH2-(CH2)2-NH-(CH2)2-NH-(CH2)3-Si(OCH3)]2 complex  and subjected different drying conditions (Scheme 6). We have also prepared nano Co-SiO2​ catalysts by impregnation of cobalt(III) acetylacetonate with fumed silica. These catalysts

 are efficient in selective aerobic epoxidation of olefins without the use of sacrificial reductant.



Among the Co-SiO2 nanocomposite catalysts prepared, aerogel prepared catalyst has shown best results due to the high porosity inturn highly accessible cobalt sites. Various oxidants and solvents have been screened and proposed that air and DMF are best. This present catalytic system yielded the corresponding epoxides in good to excellent yields (Scheme 7).

Highlights of the present catalytic system are:
	Highly active single site cobalt catalysts for aerobic epoxidation of alkenes are prepared by sol-gel and impregnation methods. Among the catalysts aerogel prepared nanocomposite catalytic system provide best results due to the high porosity inturn highly accessible cobalt sites.
	This catalytic system provides high selectivity towards to epoxide without use of any sacrificial reducing agent.
	This present catalyst can be recovered by simple filtration and reusable for several cycles without loss of activity.
CHAPTER V: Development of zeolite NaY confined Cu(II) clusters catalysts for C-N bond formation reactions and synthesis of tetrazoles
This chapter is divided into two sections.
Section A: This section deals with N-arylation of nitrogen containing heterocycles with aryl halides to afford N-arylheterocycles.
Section B: This section deals with the synthesis of the tetrazoles by the addition of organic nitriles to sodium azide.

Section A: A mild and efficient method for N-arylation of nitrogen heterocycles with aryl halides
N-Arylheterocycles are common motifs in pharmaceutical research and these can be prepared either by nucleophilic aromatic substitution or by Ullmann-type coupling. The former method requires substrates bearing electron withdrawing substitutents and the later coupling reaction requires use of stochiometric amount of copper with low to moderate yields. 

During the past ten years several reports describing copper mediated cross-coupling reactions and Ullmann condensations for the formation of aryl-heteroatom bonds in organic synthesis are reported. Unfortunately the scope of the Cu(II) catalyzed C-N bond coupling reactions is rather limited. Several methods involve the use of aryllead, arylborane, and arylsilane, aryltrimethylstannanes as arylating agents, but these reagents hampered by their poor commercial availability, and their preparation often requires time consuming multi-step synthesis. Some other methods require expensive ligands or additives to afford higher conversions.
We have developed a mild and efficient method for N-arylation of nitrogen heterocycles with aryl halides to afford N-arylheterocycles in excellent yields using Cu(II)-modified zeolite NaY without the use of any additive (Scheme 8).



This present catalyst has the following advantages:
	High catalytic activity under very mild conditions. 
	Use of inexpensive bases and no need of additives or ligands.
	Easy separation of the catalyst by simple filtration and reusability.

Section B: Synthesis of 5-substituted 1H-tetrazoles by addition of azide to organic nitriles
Tetrazoles, a class of heterocycles, received considerable attention because of their wide range of applications in pharmaceuticals as lipophilic spacers, in speciality explosives, photography, and information recording systems. They are important ligands for many useful transformations and also precursors for a variety of nitrogen containing heterocycles. The most convenient route for the synthesis 5-substituted 1H-tetrazoles is the addition of azide ion to nitriles. The earlier reports for this transformation fall in to three main categories: i) the use of tin or silicon azides, ii) the use strong Lewis acids, and iii) running the reaction in acidic media. The drawbacks in the earlier methods are, the expensive and toxic metals, severe water sensitivity, and the presence of hydrazoic acid, which is highly toxic and explosive as well as volatile. It is also known that acid-catalyzed cycloaddition between hydrazoic acid and isocyanides is one of the main routes to 5-substituted 1-H tetrazoles. However, this procedure needs the direct addition of large excess amounts of dangerous and harmful hydrazoic acid. Therefore, it is desirable to develop a more efficient and convenient method for the synthesis of 5-substituted 1H- tetrazoles.
We developed a new and efficient Cu(II) clusters confined zeolite NaY catalyst for the synthesis of the 5-substituted 1H- tetrazoles by addition of sodium azide with organic nitriles. This catalyst is recovered and recycled for several times without loss of activity (Scheme 9). 


This catalyst will be a practical alternative to expensive and toxic reagents in view of the following:
	High catalytic activity.
	The present method is simple, rapid and clean over the existing procedures.
	Easy separation of the catalyst by simple filtration and reusable for several cycles without loss of activity.
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